Purpose: Energy-resolved x-ray imaging has the potential to improve contrast-to-noise ratio by measuring the energy of each interacting photon and applying optimal weighting factors. The success of energy-resolving photon-counting ͑EPC͒ detectors relies on the ability of an x-ray detector to accurately measure the energy of each interacting photon. However, the escape of characteristic emissions and Compton scatter degrades spectral information. This article makes the theoretical connection between accuracy and imprecision in energy measurements with the x-ray Swank factor for a-Se, Si, CdZnTe, and HgI 2 -based detectors. Methods: For a detector that implements adaptive binning to sum all elements in which x-ray energy is deposited for a single interaction, energy imprecision is shown to depend on the Swank factor for a large element with x rays incident at the center. The response function for each converter material is determined using Monte Carlo methods and used to determine energy accuracy, Swank factor, and relative energy imprecision in photon-energy measurements. Results: For each material, at energies below the respective K edges, accuracy is close to unity and imprecision is only a few percent. Above the K-edge energies, characteristic emission results in a drop in accuracy and precision that depends on escape probability. In Si, and to some extent a-Se, Compton-scatter escape also degrades energy precision with increasing energy. The influence of converter thickness on energy accuracy and imprecision is modest for low-Z materials but becomes important when using high-Z materials at energies greater than the K-edge energies. Conclusions: Accuracy and precision in energy measurements by EPC detectors are determined largely by the energy-dependent x-ray Swank factor. Modest decreases in the Swank factor ͑5%-15%͒ result in large increases in relative imprecision ͑30%-40%͒.
I. INTRODUCTION
The prospect of single-photon counting detectors for x-ray image acquisition has identified a number of benefits over the usual approach in which the detector signal is proportional to total energy deposited during an image-acquisition interval.
1-9 One exciting aspect is the potential for energyresolved x-ray imaging, where the energy of each interacting x-ray photon is estimated with the goal of determining the spectrum of interacting photons for each image pixel. Studies have shown that the use of energy-resolving photon-counting ͑EPC͒ detectors can increase the contrast-to-noise ratio of calcifications and iodine by 35% or more compared to energy-integrating technologies while maintaining the same patient dose.
7,10 An important reason for this increase is the use of task-specific weighting factors that are applied to the detection of each photon based on absorbed energy. [10] [11] [12] In addition, these detectors allow for the rejection of electronic noise through the use of thresholding techniques. Energy-resolving detectors may also enable new advanced material-specific imaging such as angiography without requiring the subtraction of a mask image.
8, [13] [14] [15] [16] These methods exploit the K-edge discontinuity in the attenuation coefficient to enhance the visualization of bone or administered contrast agents such as iodine and gadolinium and their success will depend on how accurately photon energy can be determined. 12, 16, 17 Even if energy measurements are sepa-rated into only two energy bins ͑one below and one above the K-edge energy, for example͒, high-quality energy resolution is necessary for sharp energy-bin separation. 15, 16 There are a number of challenges that must be overcome before the full benefits of EPC imaging can be achieved. For example, current prototype detectors cannot achieve the high count rates required for radiography. Also, variability in deposited photon energy due to random escape of Compton scatter and characteristic emissions will degrade the precision of energy measurements and reabsorption will result in cross-talk between elements. Unlike isotope imaging where a photopeak is often isolated to determine photon energy, the use of a broad spectrum of x-ray energies makes it impossible to determine a photopeak and the full energy of an interacting photon can only be determined by summing signals from all detector elements in which energy is deposited. This will require the use of fast coincidence detection algorithms, such as that implemented in the Medipix-3 prototype detector, 9 so that scattered photons can be distinguished from independent low-energy photons. We imagine an "adaptive" binning approach in which the signal from a number of elements surrounding each interaction is summed. This would result in the benefits of large elements for energy measurements, without the corresponding loss of spatial resolution, although scatter escape from front or rear surfaces will continue to be a problem. Even without energy discrimination, coincident events must be recognized to avoid counting both an initial interaction and absorption of scatter to prevent double counting, which would result in increased image noise and noise correlations between elements. 18, 19 The importance of variations in deposited energy was first identified by Swank. 20, 21 He showed that the detective quantum efficiency ͑DQE͒ of a detector ͑termed "noiseequivalent absorption" by Swank͒ is degraded both by variations in the energy of incident x-ray quanta ͑the x-ray energy distribution͒ and the fraction of that energy deposited in the detector. These two contributions are sometimes separated, giving rise to an energy-dependent Swank factor 20,21 I͑E͒ ͑also used by Tapiovaara and Wagner, 11 Jaffray et al., 22 Blevis et al., 23 and others͒ and a broad-spectrum Swank factor 20 I. In this article, we use the energy-dependent form
where ͑E͒ is the energy-dependent detector quantum efficiency. Swank originally expressed I͑E͒ as a product of two factors, one associated with the absorbed-energy distribution ͑AED͒ I AED , 24, 25 now known as the x-ray Swank factor, and the other associated with the distribution of optical-pulse heights from a phosphor I OPD . 26 In this article, we consider only variations in deposited x-ray energy due to singlephoton interactions and thus concern ourselves with only the energy-dependent x-ray Swank factor and its impact on EPC detectors. By ignoring I OPD , we are in effect assuming that the number of charges collected by the detector from each primary interaction is sufficiently large that statistical variations in this number ͑due to Poisson statistics, for example͒ can be ignored and that depth-dependent variation in the charge collection efficiency is small. This assumption will fail and results presented here will understate imprecision in energy measurements if the number of charges collected is small, corresponding to a large effective ionization energy of the converter material ͑W value͒, and at low x-ray energies. We are essentially assuming a small Fano factor value ͑used in the description of radiation detectors 27 ͒ and no "secondary quantum sink" problem 28 caused by low conversion gain. The energy-dependent x-ray Swank factor is given by 11,20,22
where M n is the nth moment of the AED, which describes the average distribution of deposited energies for an incident photon of energy E. 22 We show here that the ability of an EPC detector to determine the energy of an interacting x-ray photon is determined largely by the x-ray Swank factor.
II. THEORY
X rays interact in the converter material of a detector with photoelectric interactions dominating in high-Z materials such as HgI 2 and Compton scatter being important in low-Z materials such as Si. The deposited energy will be distributed over one or more nearby detector elements due to the production and reabsorption of Compton scatter and characteristic emissions ͑electron path lengths are normally very short compared to detector element sizes for diagnostic energies͒. As discussed in Sec. I, it is assumed that some form of ideal adaptive binning is used such that the binned detector signal d is proportional to all energy deposited from one interaction.
It is convenient to describe the energy response of a detector in terms of its response function R͑ , E͒, similar to recent works. 6, 13, 17, 29 The response function gives the probability density ͑per keV͒ of depositing energy given an interacting photon with energy E. The nth energy moment of R͑ , E͒ is given by
The mean and variance in an energy measurement are therefore = R 1 ͑E͒ ͑4͒
respectively. The relative root-mean-square ͑RMS͒ measurement imprecision is given by the coefficient of variation rel
The AED A͑ , E͒ describes the probability that an incident photon having energy E interacts in the detector and deposits energy A͑,E͒ = ͑E͒R͑,E͒.
͑7͒
The nth energy moment of A͑ , E͒ is therefore
and substituting Eq. ͑8͒ into Eq. ͑2͒ gives
The second equality in the previous equation follows because the detector response function is normalized to unity ͑R 0 ͑E͒ =1͒. Combining Eqs. ͑6͒ and ͑9͒ yields
This simple result is important because it shows that highquality EPC imaging will require a high detector Swank factor, much like a high Swank factor is a requirement for obtaining a high DQE with conventional energy-integrating detectors. Equation ͑10͒ is similar to a result described by Blevis et al. 23 but from the perspective of energy measurements using EPC detectors.
III. APPLICATION TO COMMON DETECTOR MATERIALS
The potential of common detector converter materials for precise energy measurements was determined by virtual pulse-height spectroscopy using Monte Carlo N-Particle transport simulations ͑MCNP Version 5, the Radiation Safety Information Computational Center or RSICC, Oak Ridge, TN͒ to simulate the coupled photon-electron transport within a-Se, Si, CdZnTe, and HgI 2 detector converter materials ͑see Table I͒ for monoenergetic photon incidence. A single ͑large͒ detector element was modeled as a cylindrical slab with radius 20 cm as illustrated in Fig. 1 . A photon beam was incident normal to the detector at the center point of the top surface. This geometry prevents the lateral escape of Compton scatter and characteristic emissions, allowing for escape in forward and reverse directions only, corresponding to the large-area limit of a detector element with the beam incident at the center. We considered interacting photon energies in the range 10-100 keV with 10 7 photons per simulation. We applied a pulse-height tally, recording energyabsorption events due to every incident-photon interaction within the detector material. For incident photons of energy E, the Monte Carlo code provides the AED from which the energy moments can be determined. The Swank factor and relative imprecision are then calculated using Eqs. ͑2͒ and ͑10͒.
The signal from EPC detectors will be proportional to the energy deposited in the detector d = k, where k is a constant that will be determined from a calibration ͑for example, using the known photopeak energies of one or two calibration sources similar to methods used in nuclear medicine and x-ray spectroscopy͒ and the relative accuracy of energy measurements is expressed as
where d 0 is the photopeak signal corresponding to an interacting photon with energy E. Relative imprecision in energy measurements, defined as the coefficient of variation in d, is given by
where rel is defined in Eqs. ͑6͒ and ͑10͒.
IV. RESULTS
The response functions for a 100 keV photon incident on the center of 0.5 mm thick a-Se, Si, CdZnTe, and HgI 2 converter materials are shown in Fig. 2 . The key features are the photopeak at E = 100 keV, K-escape peaks at E − E K and E −2E K , and a Compton edge at 2␣E / ͑1+2␣͒ = 28 keV, where
2 . 30 The CdZnTe and HgI 2 results show additional escape peaks. The geometry simulates the large-area limit of a detector element. In this case, the variability in deposited energy is a result of Compton scatter and characteristic x rays that escape through the top and bottom surfaces.
IV.A. Relative energy accuracy
Results of the Monte Carlo calculation are shown in Fig.  3 . The leftmost column shows relative energy accuracy based on Eq. ͑11͒ as a function of incident-photon energy for each converter material with thicknesses of 0.2, 0.5, and 1.0 mm. These thicknesses and energies reflect those currently in use in many clinical systems and energy-resolving photoncounting systems under development.
9,31 They do not, however, describe some novel designs such as strip detectors using 1-3 cm of Si. 8, 32, 33 For the case of Si, relative accuracy shows a decrease as energy increases ͑and therefore the probability of Compton interactions and Compton-scatter escape͒, although the overall dependence of accuracy on converter thickness is modest as shown in Fig. 3 .
For the case of the high-Z materials ͑CdZnTe and HgI 2 ͒, relative accuracy is generally close to unity below the K-edge energy for each material, although HgI 2 shows both K-edge and L-edge effects. Above each edge, the potential for escape of characteristic emissions results in a drop in relative accuracy depending on escape probability. Above the K-edge energies, CdZnTe and HgI 2 show a greater dependence on thickness than Si.
The results for a-Se show trends similar to both Si and the high-Z materials. There is a sudden drop in relative accuracy at the K-edge energy and a continuous decrease in relative accuracy as the probability of Compton interactions increases.
IV.B. Swank factor and relative energy imprecision
The Swank factor is shown in the center column of Fig. 3 . Below the K-edge energy for each material, the Swank factor is close to unity resulting in low relative imprecision. At energies above the K edge, the Swank factor decreases due to random escape of characteristic emissions and Compton scatter, with a corresponding increase in relative energy imprecision. While imprecision worsens with increasing energy, Compton scatter becomes important in a-Se and Si, resulting in a substantial increase in imprecision at the higher energies in Fig. 3 . For Si and a-Se, the influence of converter thickness on relative energy imprecision is generally modest. For the high-Z materials, the influence of converter thickness has a larger influence on relative imprecision. This is due to higher reabsorption probability for both characteristic and Compton x rays in the high-Z materials. In practice, a nonzero Fano factor would result in a broadening of peaks in the response functions ͑Fig. 2͒ ͑not shown here͒ and possibly an increase in imprecision. 
V. DISCUSSION
We have shown that while it is often ͑correctly͒ claimed that photon-counting detectors are insensitive to Swank noise, precision in energy measurements using EPC detectors is strongly linked to the energy-dependent x-ray Swank factor. Converter materials having a Swank factor close to unity ͑and low Fano factor͒ will tend to be the best materials for EPC detectors. However, this can be difficult to achieve. Even minor decreases in the Swank factor ͑e.g., 5%-15%͒ result in large increases in relative imprecision ͑30%-40%͒. This relationship is shown explicitly in Fig. 4 and underlies the critical need for a large Swank factor. If a specific imaging task requires a maximum relative imprecision max , then Eq. ͑10͒ gives
While the electrical properties of converter materials ignored in the Monte Carlo simulation ͑charge liberation and collection͒ will cause a broadening of peaks in the response function, 12,34,35 this will likely have minimal impact on the overall shape of the response and hence on the Swank factor. Regardless, it must be emphasized that unlike isotope imaging where a photopeak can be isolated from a background of lower-energy events, photopeak width is not as important as the Swank factor as a metric of performance for broadspectrum imaging.
The Swank factor results presented here differ from some published values [23] [24] [25] [26] 36, 37 due to our assumption of a large "binned" detector element with x rays incident at the center only. This reduces the effect of cross-talk between elements, corresponding to a true "zero-frequency" Swank factor and will only be realized if some form of adaptive binned is implemented. The Medipix-3 prototype implements an early form of this binning.
9,18
At mammographic energies ͑15-25 keV͒, the relative energy RMS imprecision is 15%-20% for a-Se, making it difficult to measure photon energy with imprecision less than 15%. A Si-based detector is only slightly better. Both CdZnTe and HgI 2 -based detectors will have energy imprecision of 5%-8%. For general radiography ͑near 60 keV͒, energy imprecision is 70%-90% for Si, which may prohibit its use in energy-resolved imaging tasks at these energies. a-Se, CdZnTe, and HgI 2 all have energy imprecision of 12%-25% at 60 keV. It will therefore be very difficult to measure photon energy with imprecision less than 12% at general radiographic conditions. Similar observations can be made for energies typically used in chest radiography ͑80 keV͒, although HgI 2 will give 10%-20% below 83 keV.
These results indicate that at most energies, it will be difficult to make accurate and precise measures of individual incident-photon energy. However, if only two energy bins are required for an imaging task, 16 then energy precision is only important near the boundary between bins. For example, a-Se has relatively good precision near 33 keV ͑iodine K-edge energy͒ and may be well suited for iodine-specific imaging. In general, spectral tailing caused by escape of scattered x rays causes the incident-photon spectrum to be shifted toward lower energies and deconvolution methods, such as those implemented by the Medipix collaborators and others, 8, 13, 38, 39 may be an important part of accurate energy measurements.
VI. CONCLUSIONS
Precision in photon-energy measurements by EPC detectors is shown to depend directly on the energy-dependent x-ray Swank factor. A Swank factor value close to unity is known to be necessary to achieve a DQE value close to unity and it will continue to play a key role in EPC detectors. Even with the use of adaptive-binning algorithms to sum the energy deposited in detector elements surrounding a primary interaction to estimate total deposited energy, it is shown that a modest decrease in the Swank factor ͑5%-10%͒ due to characteristic emission and Compton-scatter escape causes a large increase in relative energy imprecision ͑30%-40%͒. The energy dependence of the x-ray Swank factor will therefore be an important consideration in determining the best detector material for a particular application. For example, CdZnTe and HgI 2 will result in better energy precision at mammographic energies than a-Se or Si-based detectors, while a-Se may be optimal for iodine-specific imaging ͑an-giography͒ when good energy precision is required for minimizing cross-talk between energy bins near the iodine K-edge energy ͑33 keV͒. 
